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1. Prevent waste 
2. Design safer chemicals and products
3. Design less hazardous chemical syntheses
4. Use renewable feedstock
5. Use catalysts
6. Avoid chemical derivatives
7. Maximize atom economy
8. Use safer solvents and reaction conditions
9. Increase energy efficiency
10. Design chemicals and products to degrade 
after use
11. Analyze in real time to prevent pollution
12. Minimize the potential for accidents
The 12 Principles of Green 
Chemistry: 
Dubé, M.A. and Salehpour, S. 
(2014), Applying the Principles 








• large and diverse class of organic 
compounds, produced by a variety 
of plants, particularly conifers, 
(some by insects, e.g., termites);
• often strong-smelling;
• insecticidal properties;
• terpenes are hydrocarbons; 




• Derived commercially from conifer resins, such as those 
made by pine;
• found in essential oils which are used widely as
– natural flavor additives for food,
– fragrances in perfumery, and 
– in medicine and alternative medicines such as 
aromatherapy; 
• synthetic variations and derivatives of natural terpenes 
and terpenoids also greatly expand the variety of 
aromas used in perfumery and flavors used in food 
additives;
• Vitamin A is a terpene.
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Terpenes
• Derived biosynthetically from 
units of isoprene by terpene 
synthase;
• multiples of isoprene, (C5H8)n, 
linked "head to tail" to form 
linear chains or arranged to form 
rings;






• Monocyclic terpene in many essential oils 
(e.g., lemons, oranges, grapefruits).
• Optically active
• Low toxicity (D-limonene smells of oranges)
• Can be purchased in pure state
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D-Limonene production
• Oil from juicing and 
peel processing of 

















D-Limonene and allylic hydrogen…
Vinyl group = candidate for polymerization
Free-radical homopolymerization?
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D-Limonene and allylic hydrogen…
Cationic homopolymerization?





















• Low conversion experiments: 
– reactivity ratios
• Full conversion experiments:
– copolymer composition
– molecular weight
– glass transition temperature
• Modelling
• Extension to terpolymerization
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Screening study
• 50/50 mol/mol 
monomer feed 
composition
• 1 wt.% BPO
• 60 oC
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Glass transition temperature - PSA
Monomer Polymer Tg 
(℃)
Limonene (LIM) 116
Methyl methacrylate (MMA) 105
Styrene (STY) 100
Butyl methacrylate (BMA) 20
Isobutyl acrylate (IBA) -24










𝑀1 𝑟1 𝑀1 + 𝑀2














Copolymer composition – 1H-NMR
F











































































































































































































































































a) BMA/LIM b) EHA/LIM
Copolymer composition 
vs. conversion via 1H-NMR 
spectroscopy
80 oC, 1 wt.% BPO
f BMA=0.7 f BMA=0.8 f BMA=0.9
f EHA=0.7 f EHA=0.9


















































































































































































1 90/10 0.020 80
2 80/20 0.018 80

























































































































BA/BMA/Lim 40/50/10 BA/BMA/Lim 80/10/10
BA/BMA/Lim 40/40/20 BA/BMA/Lim 70/10/20











































































































































































































80/10/10 0.835 0.132 0.034 -39.6
40/50/10 0.434 0.550 0.016 -16.6
70/10/20 0.770 0.176 0.053 -35.9
40/40/20 0.441 0.527 0.032 -16.1
60/10/30 0.708 0.221 0.071 -31.8
50/20/30 0.602 0.342 0.056 -30.9
50/10/40 0.653 0.254 0.092 -30.2
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Conclusion
• Challenge: further increase to the incorporation of 
limonene into co- and terpolymers
– Crosslinkers?
– NMP? (see poster by Ren)
– Temperature effects?
– Semibatch feed/emulsion?
• Potential to unlock a treasure trove of allylic monomers
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